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This study developed a hybrid renewable energy integrated stand- alone power system for the 
community of Chipendeke, a remote area located in Zimbabwe. A techno-economic 
feasibility study has been undertaken to identify the prospect of the proposed hybrid power 
system. The study considers various technical and financial options that are available for the 
system with multiple distribution generation applications and the selection of the most 
optimum solution for the community.  
 
Information about the community was researched, which included their way of life, load 
demand, future requirements and the renewable energy resources available in the area. This 
information, as well as the current prices of the required components of the system, were used 
to develop a model for the microgrid for Chipendeke. This thesis has only considered the 
design and costs of the system and more simulations and studies need to be undertaken in 
order for this system to be implemented. These would include analysing the current 
transmission system as well as developing protection strategies. 
 
By developing a hybrid renewable stand-alone model, this study aims to be a useful resource 
for future work that is done within the community of Chipendeke. As the community grows, 
it is hoped that this model will act as a basis for further research in to the development of a 
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The use of energy and its various sources is very closely linked to the progress of human 
civilization, with it being the main factor contributing to our survival since the time of the 
earliest mankind. In earlier times, mankind relied heavily on renewables as an energy source, 
such as during the maritime discoveries where wind was used as a part of the mode of 
transportation. Wood, as another example, was used as a means for building as well as for 
cooking and continues to be used to this day. The first industrial revolution introduced a shift 
in energy sources and the world began to make use of fossil fuels such as coal, with this 
energy source made popular by the invention of the steam engine [1]. Today, fossil fuels play 
a major part in everyday life, with usage ranging from large scale industrial to small scale 
household needs. However, the magnitude to which we have come to rely on fossil fuels has 
had a detrimental impact on the state of the world. Currently, fossil fuels such as coal and oil 
supply 59% of the worlds energy [2], with the remainder made up of various resources such 
as natural gas and renewables. The coal deposits and oil fields are originally from plants that 
were on the earth millions of years ago and are therefore finite resources. In addition to this, 
on combustion to produce electricity and energy, they emit carbon dioxide in to the Earth’s 
atmosphere, which over the years has resulted in the Greenhouse Effect. The Greenhouse 
Effect is the rising of the earths atmospheric temperature, which in turn raises the Earth’s 
temperature with this being reffered to as Global Warming. The effects of Global Warming 
include the displacement of animals from their natural habitat due to melting of glaciers, 
rising sea levels, change in climate and death of cloud forests [3]. In order to slow down the 
effects of Global Warming and also conserve the fossil fuel that is available to us, the 
population is slowly reverting back to renewable energy such as was used before the 
industrial revolution, however this time with technology on hand to optimize the renewable 
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energy output. Countries around the world such Nicaragua, Uruguay and Costa Rica are 
making major advances towards harnessing energy from renewable sources, with Costa Rica 
using renewables such as solar, geothermal and hydroelectric to meet 99% of its energy needs 
in 2015 [4].  
 
The growing population faces a challenge in which it has to expand energy services whilst 
taking in to consideration the associated environmental impacts. Countries like China and 
India are examples of countries that have greatly increased their energy production, but have 
constantly rising carbon emissions. With energy being a driving force behind economic 
growth, it is of great importance to all countries, especially developing ones. The use of 
electricity in many developing countries has been linked to improvements in education, 
increased employment, poverty alleviation as well as growth in population. At this point in 
time, developing countries such as those in parts of Africa are well positioned for the 
development and implementation of new and clean energy technologies [5]. Clean and 
affordable energy will play a major part in African countries, contributing to their economies 
as well as providing employment opportunities [6]. These countries are able to learn from the 
mistakes of other countries that heavily rely on fossil fuels and use this knowledge to improve 
their own technologies and make the most of the renewable sources available to them. An 
example of such a country is Zimbabwe.  
 
The main sources of electricity generation in Zimbabwe are coal and hydro, with the majority 
of the electricity coming from hydro power that is generated at Kariba Dam. Since the late 
2000’s, Zimbabwe has encountered energy challenges that have resulted in power outages of 
up to 16 hours a day [7]. These outages have been caused by ageing infrastructure, as well as 
the decreasing water levels at Kariba Dam [8]. It is still to be confirmed whether the reduction 
in water level is an effect of climate change, however, if carbon continues to be the main 
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source of power generation in the world, occurrences such as this are to be expected [8]. The 
extent to which countries are affected by the impacts of weather-related loss events is tracked 
by the Global Climate Risk Index and it was found that in 2016, Zimbabwe was the second 
highest affected country. There were heatwaves due to droughts associated with El Niño, as 
well as sporadic rainfall throughout the year, followed by floods between November 2016 to 
January 2017 [9]. The Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC) believes that extreme weather events, such as those observed in Zimbabwe 
are related to climate change [10], and it is crucial that countries such as Zimbabwe are 
prepared for such events [8], and also take steps to slow down the effects of climate change.  
 
Sustainable sources of energy can be obtained with the use of renewables, and making use of 
these alternative sources will aid in mitigating climate change [11]. Zimbabwe has the 
potential to be among the leaders in the promotion and development of renewable energy 
technologies within the Southern African region, with biomass, solar and hydro being the 
main sources of renewable energy in the country [12]. The Zimbabwean government has 
committed to reducing carbon emissions by 33% by the year 2030 [6], with a focus on 
promoting the use of electricity and modern energy, as well as investing in stand-alone power 





In November 2017, the Research Council of Zimbabwe, together with the Zimbabwe Energy 
Regulatory Authority (ZERA), put out an open call for research proposals relating to the 
energy industry in the country. The aim of this call was to support research relating to 
electricity reliability, promotion and development of energy efficiency as well as the 
integration of renewable energy in to existing systems [14]. Considering this, as well as the 
initiatives of the Zimbabwean government as summarised in Chapter 1.1, and Zimbabwe’s 
potential to be a renewable energy leader in the Southern African region, this paper is written 
in the hope of it being a source of preliminary research for future work to be done within the 
Zimbabwean energy sector. 
 
 The aim of this thesis is to develop a hybrid renewable energy stand-alone system for 
Chipendeke, which is a remote community in Zimbabwe. A hybrid renewable energy system 
is one that is composed of at least two renewable energy sources that are used collectively to 
increase the energy supply balance as well as the system efficiency [15]. This type of system 
is gaining popularity as an islanded power system for supplying remote areas with electricity 
due to the advances in renewable energy technologies as well as the rise in the cost of 
petroleum products [15].  Chipendeke has been chosen for this study as it is a community that 
is not connected to the main electricity grid and has shown the positive impacts of 
implementing renewable energy within remote communities. There is currently a micro hydro 
scheme at Chipendeke, however, due to a generation capacity shortage and growing electrical 
demand, there is a need for the implementation of new sources of electricity generation. In 
order to achieve the aim of this thesis, the current resources available in the area will be 
determined, with the best ones being chosen for the system. This will be followed by the 
analysis of different component combinations, taking in to consideration costs and the load 
profile of Chipedendeke.  
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The objectives of this thesis are therefore to : 
a) Identify the energy scenario, energy needs and future energy targets of Zimbabwe 
b) Determine the current and future load demand at Chipendeke 
c) Analyse the renewable energy sources available in the area 
d) Develop a hybrid renewable energy model to facilitate high PV penetration in the 
community 
e) Identify the most suitable option for the community, considering technical, economic 
and environmental viability 
 
An introduction to Zimbabwe will be given in the following sections, focusing on the 
country’s energy scenario and how the energy policies of the country align with the growing 




CHAPTER 2: LITERATURE REVIEW 
 
Zimbabwe as shown in Figure 1 is a country that is located in the southern part of Africa with 
Harare being its capital city. It is landlocked, surrounded by South Africa to the south, 
Botswana to the west, Mozambique to the east and Zambia to the north. With a surface area 
of 390,757 km² and a population of 16.91 million people [16], the country boasts of an 
abundance of mineral resources, tourist attractions, agriculture and a skilled workforce [17]. 
Mineral resources that can be found include platinum, copper, nickel, coal and gold. There are 
also an estimated 26 billion tonnes of coal reserves, however, no oil reserves have been found. 
The country has an average solar potential of 2100 KWh/m2/year , but very negligible wind 
potential [17]. 
 
Figure 1 Map of Zimbabwe [16] 
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2.1 ZIMBABWE POWER SECTOR  
 
Before 1993, hydro generation was the main form of electricity generation in Zimbabwe, with 
coal only supplying a small portion of electricity. Kariba Hydro Power Station, which is the 
biggest power station in the country has been affected by droughts since the early 1980’s, 
with the station almost ceasing operation between 1992 – 1993. This drought resulted in a 
shift towards thermal power plants, as the operation of these plants was not affected by 
rainfall [17]. Figure 2 shows the transition from mainly hydro generation to thermal power 
between the years of 1971 to 2005. Other forms of energy did not play a significant role in the 
energy sector at this time and therefore have not been included. 
 
The Zimbabwe Electricity Supply Authority (ZESA) Holdings is the state owned national 
power utility and currently dominates the power sector. There are four subsidiaries, namely,  
1. Zimbabwe Power Company (ZPC) – responsible for power generation 
2. Zimbabwe Electricity Transmission and Distribution Company (ZETDC) – 
responsible for power distribution 
Figure 2 Evolution of  Electricity Generation In Zimbabwe [18] 
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3. ZESA Enterprises – delivers support to the power industry by providing services and 
products 
4. Powertel – commercialisation of the excess capacity of the utility’s communication 
network [18] 
Zimbabwe’s main sources of energy are coal, wood fuel, electricity and petroleum fuels. The 
country relies heavily on its coal and water resources to produce electricity, with five main 
power stations which include a hydroelectric power station, a thermal power station and three 
small coal fired power stations [18]. There are also various smaller plants throughout the 
country.  







Kariba Dam Station 750 700 
Hwange Thermal Station 920 625 
Harare (Coal) 100 30 
Munyati (Coal) 90 30 
Bulawayo (Coal) 90 30 
TOTAL 1950 1415 
 
In 2016, ZESA was only producing 845 MW of electricity, with an installed capacity of 
approximately 1940 MW and a national demand of 2200 MW. Zimbabwe has seen a drop in 
its power generating capacities because of technical faults at the Hwange Power Station as 
well as declining water levels at Kariba Dam. Maintenance has resulted in load shedding 
which has caused power interruptions for up to 18 hours. In order to assist in combating the 
electricity supply deficit, Zimbabwe imports electricity from its neighbouring countries South 
Africa and Mozambique, as well as the Democratic Republic of Congo. As of 2013, 1.2 
million rural households and 200,000 urban households are not supplied with electricity and 
the Government of Zimbabwe is working towards a target of ensuring that by 2020, 85% of 
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the country is electrified, with the addition of new hydro, solar and coal based generation 
[19].  As Zimbabwe is a country with an abundance of renewable energy sources such as 
municipal solid waste, sewage gas, solar, hydro and agricultural waste, Dutch companies have 
developed an interest in investing in the Zimbabwean renewable energy sector [20].  
 
 
As shown in Figure 3, from 1980 to 2014, Zimbabwe’s electricity generation has seen an 
increase from 4,5 billion kilowatt-hours to almost 10 billion kilowatt-hours. Various dips in 
the generation capacity correlate to the state of the economy at that period. Figure 4 shows 
how the electricity sector of the country is set up, with the majority of the electricity being 
supplied from internal sources and 34% sourced externally. According to statistics from the 
Africa–EU Renewable Energy Cooperation Programme, an estimated 52% of the country’s 
total population have access to electricity, with the Table 2 showing the average 
electrification proportions [19] 
 





Table 2 Zimbabwe Electrification Statistics [20] 
 ELECTRIFIED (%) NOT ELECTRIFIED (%) 
Urban 78 22 
Rural 40 60 
 
There has been a shift in electricity demand from different areas of the country over a number 
of years. Between 2004 – 2009, Zimbabwe experienced the second highest level of 
hyperinflation in history [21], which ultimately forced the country to abandon the 
Zimbabwean Dollar and adopt the South African Rand and United States Dollar as its official 
currency [22]. During this time of hyperinflation, it was found that there was a decrease in 
demand from industries, mining and farming, however, household demand continuously rose 
















Share of energy generated internally and 
imports
Figure 4 Zimbabwe Electricity Usage [19] 
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With households seeing an increase in electrical consumption, more systems will be required 
to accommodate the growing demand. Industrial sites are showing a decrease and can 
therefore rely mainly on the systems that are already currently in place 
 
Figure 6 shows the energy scenario of various countries within the southern African region in 
2010, and their predicted scenarios for 2030. It can be seen that distributed solar PV, mini 
hydro and biomass will increasingly become a part of Zimbabwe’s energy mix, with the use 
of fossil fuels also rising [23]. As the country’s economy starts to improve, this will see an 
increase in industrial capacity utilization, therefore widening the power deficit, and will 































Future Power Projects 







Power Plant (30 
MW) 
2019 2022 $US 128 million 
Gwanda Solar 
Project (100 MW) 
2020 2021 $US 172 million 
Munyati Solar 
Project (100 MW) 
2021 2022 $US 165 million 
Insukamini Solar 
Project (100 MW) 
2021 2022 $US 142 million 
 
Table 3 [25] shows the various projects that Zimbabwe has committed to undertaking within 
the next four years. With the majority of the projects solar related, this shows the country’s 
vision to ensure that the country becomes more energy efficient and relies more on its 
renewable sources.  
Figure 6 Energy Scenario of African Countries [25] 
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2.2 ZIMBABWE ENERGY RESOURCES 
 




Exploration and production - Upstream sub-sector 
The petroleum industry involves both oil and gas. The upstream sector of the petroleum 
industry includes the exploration and evaluation, development and production of petroleum 
[26]. Zimbabwe has had a pipeline that connects it to the port of Beira in Mozambique since 
1960. This pipeline was used to transport crude oil to a refinery located in Feruka but the 
pipeline is however no longer in operation, now being used to transport imported refined 
product. Explorations have been undertaken in the Zambezi Valley however there have been 
no oil or natural gas discoveries made in the country and as a result, the upstream sector is not 
a focus for energy policies and legislation [13].  
 
Exploration and production -Downstream sub sector 
Zimbabwe has 6 main forms of petroleum products, namely diesel, gasoline (petrol), 
kerosene(paraffin), aviation fuel, LPG and lubricants. As of 2012, the country was importing 
630 million litres of diesel and 540 million litres of petrol per year. During the country’s peak 
economic production, Zimbabweans consumed 2 million litres of petrol, 0.2 million litres of 
paraffin, 3 million litres of diesel and 0.6 million litres of jet fuel daily [13].  
 
Coal and Coalbed Methane (CBM)  
 
Coal is locally mined in Zimbabwe and at the country’s economic peak, 5.5 million tonnes of 
coal were consumed per year.  Roughly 3.5 million tonnes were used for electricity 
generation, 0.5 million tons of coking coal and the remainder used for industrial heating and 
agriculture, especially to cure tobacco. As of 2012, coal market had dropped to 3 million 
tonnes per year, with the majority being used for electricity production. Coalbed methane has 
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a lower amount of hydrocarbons such as butane and propane, which make it less of a 
pollutant. It is believed that the largest reserve of CBM is in Zimbabwe [12] which could be 
used for feedstock in the petrochemical industry as well as a substitute for coal in thermal 
plants for electricity production. Areas such as Hwange and Lupane basins are estimated to 
contain more than 800 million cubic metres of CBM per square metre, compared to the 400 
million cubic metres in other African states [12] . However, there has not been much 
exploration undertaken due to lack of funding [13].  
 




Zimbabwe has a combination of small scale and large scale hydropower which is used to meet 
local as well as regional electricity demand. The country has a theoretical hydropower 
potential of 18 500 GWh per year, with 17 500 GWh being technically feasible, however as of 
2016, only 20 % of the potential has been exploited [12]. The largest hydropower system is 
Kariba Dam which is along the Zambezi River to the north of the country.  
  
Figure 7 Kariba Dam 
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Various small scale systems exist along rivers and internal dams. It is estimated that in-land 
dams have a 20MW potential, and run off river schemes could provide up to 150 MW of 
power [13].  
 
Table 4 Small Scale Hydropower Systems in Zimbabwe [12] 




Mwenezi Manyuchi 1.4 5.5 
Masvingo Mutirikwi 5 40 
Mutasa Osborne 3 23.6 
Bikita Siya 0.9 5.6 
Mutasa Duru 2.3 6 
Nyanga Gairezi 30 70 
Nyanga Tsanga 3.3 8.8 
 
Table 4 is a description of various hydropower sources in Zimbabwe along with their 
capacities [13]. Nyangani Renewable Energy Pvt Ltd also operates a 1.1MW plant called the 
Nyangani Mini Hydro. ZETDC buys the electricity generated by this plant at a rate of US$ 
0.16/kWh. As of 2016, there are 10 small hydro plants around the country, with various 
capacities that range from 800kW to 1kW. It is estimated that Zimbabwe has a small hydro 




A greatly underexploited solar potential of 5.7 – 6.5kWh/m2/day exists in Zimbabwe. Since 
the launch of the Global Environment Fund initiative in the early 1990s, donors have funded 
solar photovoltaic (PV) installations in health centres, businesses, schools as well as 






Figure 8 shows the global solar radiation map of Zimbabwe [27]. There is a 300MW solar 
potential from solar PV and solar water heaters in the domestic sector, with roughly 1% being 
exploited as of 2016. It is expected that the demand for this technology will increase in the 
near future [28]. Batidzirai et al. believe that solar water heating will make a substantial 
contribution to Zimbabwe’s energy mix by aiding in the reduction of electricity demand and 
therefore expenditure [28]. In 2000, an investigation was carried out in to the potential of 
photovoltaics in Zimbabwe. Mulugetta et al. [29] studied the different aspects of adding small 
scale PV systems to rural areas under the Global Environmental Facility (GEF) Solar Project 
and concluded that there is major potential for photovoltaics in Zimbabwe.  
 




At a standard height of 10m, Zimbabwe receives an average wind speed of 3.5 m/s. The 
second largest city, Bulawayo, has recorded averages of 4.4m/s, and the Eastern Highlands 
have recorded wind speeds between 4 – 6 m/s [12] .It is a landlocked country and does not 
have wind resources as large as those of countries along the coast and with flat landscapes 
[17]. The wind resource available to Zimbabwe is very limited and Mungwena [30] is of the 
opinion that it is most suited for water pumping. He believes that that the wind speeds are too 
low to generate enough electrical power, even though there are various moments of high wind 
speed gusts, with the frequency and duration not enough to undertake a study on the 
technology for power generation on a significant scale [12]. No wind energy technologies are 
currently connected to the main grid, with the few technologies being found in rural 




Wood fuel is the main source of biomass, with the majority of rural area seeing wood 
shortages resulting from unsustainable harvesting and agricultural land use. Other biomass 
resources in the country include grass, shrubs, plant and animal waste. Heavily populated 
areas such as Mashonaland East, Midlands and Manicaland have a demand for fuel wood that 
greatly exceeds supply. 6 million tons of wood are estimated to be used annually, with the 
sustainable output of natural forests being 4.6 million trees. As of 2012, Zimbabwe has a tree 
planting rate of 10 million trees per year. Fuel wood is the main source of energy for 80% of 
rural household [12] and the majority of low income Zimbabwean households and mainly 
used for heating and cooking. According to the IEA [31], it will continue to do so for the 
foreseeable future, with the use of biomass increasing through to 2020 at the same rate as the 
growth of the population, including that of Zimbabwe.  
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Electricity has also been generated from bagasse, which comes from sugar cane for many 
years. Sugar cane plantations have expanded to incorporate the production of ethanol [13]. 
Bagasse would potentially be a good source of electricity in Zimbabwe. When sugar cane is 
shredded, the moist fibre that remains after the juice has been extracted is what is reffered to 
as bagasse. The generation of useful heat as well as electricity, referred to as co-generation 
has a potential of 633 GWh in Zimbabwe. 1 million tonnes of bagasse are jointly produced 
from crushing roughly 5 million tons of sugar cane at Hippo Valley Estate and Triangle valley 
Estates [32]. Hippo Valley produces more electricity than is required, and in 2003 it was 
discovered that the energy produced from the surplus bagasse was not fed to the main national 
grid. In addition to the electricity produced, Hippo Valley also produces alcohol, cattle feed 
and silage as fertilizer [17]. Mbowa et al believe that the sugar industry is capable of meeting 
its own electrical requirements and then generating a further 210 MW, also exporting 517 
GWh to the grid [32] 
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2.3 ZIMBABWE RENEWABLE ENERGY POLICY  
 
The Zimbabwean electricity sector is predominantly controlled by the Zimbabwe Electricity 
Supply Authority Holdings (ZESA Holdings), which is responsible for the generation, 
distribution and importation of electricity. This is done through the ZESA subsidiaries such as 
Zimbabwe Power Company (ZPC) and Zimbabwe Electricity Transmission and Distribution 
Company (ZETDC). The latest energy policy released by the government in 2012 anticipates 
the privatisation and unbundling of what is effectively a vertically integrated power system 
[33], with Table 3 detailing the some of the projects that will achieve this.  
 
2.3.1 Government Institutions 
 
Ministry of Energy and Power Development (MEPD) 
The MEPD has the overall responsibility for the Zimbabwean energy issues. It has the 
authority to formulate policies, monitor performance and regulation of the energy sector, as 
well as undertake research, development and promotion of new and renewable energy 
sources. The Ministry also oversees and supervises the performance of the energy utility as 
well as its subsidiaries [33]. 
 
Zimbabwe Electricity Regulatory Authority (ZERA) 
The main responsibility of ZERA is to regulate the energy sector. The agency aims to create a 
competitive environment in order to promote an efficient electricity supply industry. It has the 
power to provide licences to all participants in generation, transmission and distribution, as 





Rural Electrification Agency (REA) and Rural Electrification Fund (REF) 
The Rural Electrification Fund and Rural Electrification Agency were established by the 
government in recognition of the fact that rural electrification plays a major role in enhancing 
the socio-economic development of rural communities. The primary focus of the REA is to 
lead the fair electrification of rural areas in Zimbabwe and as of 2018, has enabled the 
electrification of more than 5000 villages, rural institutions and farms [33].  
 
2.3.2 National Energy Policy 
 
The latest energy policy released in 2012 emphasises the coordination of the electrification 
program, setting realistic targets as well as the determination of the appropriate mix of stand-
alone and grid connected technologies. In order to achieve its targets, the REA has set up 






• Ensure that rural areas have 
increased access to modern energy 
• Promote renewable energy as 
environmentally friendly  
• Increase the amount of investment 
and usage of renewable energy 
















• Introduce mechanisms for funding 
and make use of opportunities such 
as feed in tariffs and micro credit 
institutions  
• Make the communities aware of the 
benefits and opportunities made 
possible by renewables 
• Implement a renewable energy 
technologies program that 
encourages IPPs to invest in RE in 
Zimbabwe and is durable and 
government driven 
• Increase investment in islanded 
energy systems to cater for rural 
communities 
• Develop incentives for the use of 
renewable energy such as tax 
concessions as subsidies 
• Encourage and strengthen 
institutions to research and develop 
renewable energy technologies [13] 
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2.4 STRATEGIES TO IMPLEMENT ENERGY POLICY 
 
The Ministry of Energy and Power Development is working towards a Rural and Renewable 
Energy Act that will promote the usage of renewable energy in rural areas to provide 
electricity as well as other modern energy services. Charges paid from electricity services will 
provide funding for the rural electrification program, whereas petroleum and general energy 




Priority is to be given to the development of large scale and small scale hydropower plants in 
order to increase renewable energy usage in the country.  
1. The government aims to ensure hydropower and run of schemes along the Zambezi 
River delivers an additional 1100 MW, and in land schemes 150MW. In order to 
incentivise reforms within the electricity sector, incentives such as 505 reductions in 
taxes, license fees and rates need to be taken in top consideration.  




A fund is to be established through the Minister of Energy in order to promote solar energy in 
addressing the electricity crisis, with strategies for both short and long term being 
implemented. 
1. Provision of incentives and raising awareness on the benefits of fitting solar collectors 
onto existing geysers 
2. Promoting various proven solar technologies such as solar PV charged lights and solar 
water pumping for boreholes not connected to the main grid 
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3. Promoting the upgrade of technology and making use of local manufacturers by 
training artisans and using the informal sector in the assembly and installation of solar 
geysers and solar PV 
4. Feed in tariffs are to be developed in order to promote grid and off grid power 




With wood fuel the main source of biomass, especially in the rural areas, the government also 
aims to put in place strategies to resolve the wood fuel crisis within these communities. 
1. Support the education of communities in regards to awareness and wood fuel use 
efficiency 
2. Strengthen the collaboration between various ministries such at the Ministry of 
Environment and Natural Resources and the Ministry of Local Government, Rural and 
Urban Development to enforce the existing laws that relate to the destruction of 
forests. These include enforcing the requirement for industries that use large amounts 
of wood, such as tobacco growers, to establish and maintain woodlots, and deliver 
penalties for the unauthorized cutting of trees 
3. Promotion of the use of alternate fuels such as solar and biogas for heating and 




2.5 ENERGY ISSUES IN ZIMBABWE 
 
The main energy issue in Zimbabwe is that the energy sector does not currently meet its load 
demand and therefore has to import electricity from neighbouring countries. Regarding 
remote places such as those in the rural areas, the majority are not connected to the main 
electricity grid and are forced to rely on sources such as wood for their energy needs, 
contributing to the country’s carbon emissions. In order to combat these challenges, as of 
January 2018, the Harare City council is working towards having 25%, or 1000 MW of the 
city’s energy come from renewables by 2025, with funding expected to come from private 
partnerships [24]. A commitment has also been made by the government to have reduced 
carbon emissions by 33% by the year 2030 [6]. This thesis will contribute to addressing the 
need to increase the electrification of rural areas, and do so in a manner that will aid in the 
reduction of carbon emissions.  
 
2.6 WHAT CAN BE DONE TO IMPROVE THE ENERGY SITUATION? 
 
As of 2016, the Zimbabwean governments energy goals are to increase the rate of 
electrification to 85% by 2020, and 100% by 2040 [34]. In order to achieve this, and 
considering the aim to reduce carbon emissions, new forms of electricity generation that are 
sustainable and rely on renewable energy will need to be developed. It is also necessary for 
the country to generate electricity from small, modular renewable energy units at the point of 
consumption, instead of producing it in large centralized stations that mainly use fossil fuels 
[35]. In rural Zimbabwe, many residences are not suited for grid connection, with the average 
distance to the closest grid being 60 kilometres. The load is also low and varies, fluctuating 
between 50 – 100 kV [34].  Isolated power systems such as microgrids could provide a 
potential solution to supplying power to these areas [36] as they are low voltage systems that 





Integrating renewable energy sources (RES) in to the future smart grid with the use of 
microgrids has been viewed as an effective solution to the increasing energy crisis [38]. A 
microgrid is defined as a group of interconnected loads and distributed energy resources 
within clearly defined electrical boundaries that acts as a single controllable entity with 
respect to the grid [39]. It is made up of various energy components such as Distributed 
Energy Resources (DERs) and energy loads that can be controlled. Photovoltaic (PV), Wind 
Turbine and Combined Heat Power (CHP), fuel cells, and distributed energy storage systems 
are what make up the DERs. Heating, Ventilation, and Air Conditioning (HVAC) systems as 
well as Electric vehicles are examples of the of the end users in the microgrid and require heat 
and electricity.  Incorporating controllable loads as well as DERs in the distribution network 
allows the microgrid to operate in grid connected or islanded mode. Microgrids differ from 
convenventional power generation due to the integration, however, new challenges relating to 
control and energy management also arise. Conventional power systems already have an 
Energy management System but this now needs to be upgraded to cope with the new 
upcoming challenges [37]. 
 
 Figure 9 Layout Of A Microgrid 
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Figure 9 shows the typical layout of a of a microgrid [40]. As shown, the microgrid serves the 
part of the electrical power distribution system that is located downstream from the main grid. 
Under normal circumstances, the microgrid operates in grid connected mode, but would also 
be required to provide adequate operational strategies, generation capacity and controls if 
disconnected from the main grid and operate in an autonomous or islanded manner. Power 
utilities take measures to avoid accidental islanding as this as a safety measure for humans 
and equipment. With the increasing penetration amount of Distributed Energy Resources, it is 
necessary to have provisions for both grid connected and islanded modes of operations, as 
well as a smooth transition between the two modes, to ensure the microgrid resources are well 
utilized [41].  Microgrids are composed of various components, namely:  
 
Point of Common Coupling 
This is the point that connects the microgrid to the main grid and determines whether the 
system operates in grid connected or islanded mode [42] 
• Grid connected mode 
The loads in the system are connected to the main grid and the energy produced by the 
Distributed Generation is fed to the grid. In this state, the main grid and the microgrid 
work together to supply the load demand. In addition to this, the voltage and 
frequency set points for the microgrid are determined by the main grid [43]. 
 
• Islanded mode 
The loads are disconnected from the main grid and Distributed Generation supply the 
loads with power, with excess power being stored in battery banks [42]. The point 
which connects the microgrid to the utility grid, the Point of Common Coupling is 
open, with the microgrid acting independently. In this case, the microgrid regulates the 
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voltage and frequency on its own and control strategies are of utmost importance to 
ensure loads are sufficiently met [43]. 
 
Distributed Generation 
Small energy sources that are located near the point of use are what make up distributed 
energy sources. These sources normally include micro turbines, photovoltaic (PV), fuel cells 
and wind. Either renewable fuels or fossil fuels can contribute to the systems. Combined heat 
and power can also be provided by some types of DG such as micro turbines, considerably 
increasing the efficiency of the DG unit. Most Distributed Generation produce DC power and 





Figure 10 Photovoltaic Panels 
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Loads 
Electrical or thermal loads are capable of having their power supplied by microgrids. The 
main grid can be considered a slack bus when the microgrid operates in grid connected mode 
as it is capable maintaining a power balance by absorbing or supplying power to the loads 
during any power inconsistencies. Most utility providers have to adhere to limits relating to 
the export or import or power or operational strategies and turn to load or generation shedding 
to meet these requirements. In islanded mode, load or generation shedding is common 
practice in order to maintain the correct power balance and stabilize the voltage and it is 
therefore crucial that operating strategies ensure that critical loads receive priority. It is also 
necessary for the operation of a microgrid to take in to consideration power quality 
enhancement of specific loads, reliability improvement of prespecified loads and customer 
service differentiation [41].  
 
Distributed Storage 
When the generation and the loads of a microgrid cannot be exactly matched, distributed 
storage is used to bridge the gap in meeting the energy and power requirements. DS systems 
are referred to in terms of storage capacity, which is the time that the nominal energy capacity 
can supply the load at its rated power. Storage capacity can then reffered to in terms of energy 
density requirements, which would be for medium or long term needs, or power density 
requirements, which would be for short to very short term needs. The use of a DG unit 
improves the performance of a microgrid in 3 ways: 
• Ensures the DG units run at a stable and constant output, even during load fluctuations 
• During times of dynamic variations of energy from the dun, wind or hydro, 
Distributed Storage provides a ride through capability 
• Enables the DG to seamlessly operate on demand, adjust power output and be turned 
on or off according to market needs.  
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Distributed Storage can also be used to reduce power surges during peak electricity demand, 
counteract brief power disturbances, provide power whilst back-up generators respond and 
save energy for future demand. Supercapacitors, Batteries and Flywheels are some of the 
energy storage systems that can be used in microgrids [44].   
     
 
Microgrid Control Centre 
The purpose of the microgrid control centre is to ensure that the system operates safely in 
both grid connected and islanded mode. There can either be a central controller, or a separate 
part of each DG. In islanded mode, the control centre 
• Manages the voltage and frequency 
• Absorbs or provides the instantaneous real power difference between loads and 
generation 
• Supplies the difference between actual reactive power and generated reactive power 
consumed by the load 
• Protects the microgrid [44] 
Figure 11Battery Storage 
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2.8 CASE STUDY – CHIPENDEKE MICRO HYDROPOWER SCHEME  
 
For this thesis report, a stand-alone power system that is already in operation in rural 
Zimbabwe will be analysed to show that such systems have a positive influence in 
communities. Improvements will then be determined for this system, based on the energy 
needs. The case study for this report will be the community of Chipendeke.  
Chipendeke is a rural settlement in Zimbabwe, with a catchment area of 9 villages located 65 
kilometres from the city of Mutare. The European Union donated $65 000 towards the 
Chipendeke Micro Hydro Project through the African Caribbean Pacific Energy Facility. The 
implementation of this project was led by Practical Action, which is an international 
organisation that uses smart technologies to eradicate poverty [45]. 
 
 
2.8.1 General Operation Of A Micro Hydropower Scheme 
 
Micro hydropower plants are normally aimed at generating electricity based on the energy 
demand for the surrounding areas, with the water source normally a river. A weir is used to 
divert the water from the source, in to a canal [46].  The canal is designed in such a way as to 
follow the contours of the landscape, to ensure the diverted water remains at an elevated level. 
From here, the water enters the fore bay tank and travels through the penstock pipes which are 
situated at a lower level, closer to the turbine. As the turbine turns when water flows through 
Figure 12 Chipendeke Microhydro Scheme 
 31 






2.8.2 Project Background 
 
A potential site for the microhydro power plant was identified along the Chitoro River, which 
runs through Chipendeka. The European Union funded the project and Practical Action 
provided the technical skills, with the community providing raw materials such as river sand 
and quarry stones, as well as labour. The plant was to have a lifespan of 20 years and produce 
25 kW of electricity. Initially, community members were against the idea of having a mini 
hydro plant as they did not believe that they could operate and generate their own electricity. 
Community based planning had to be undertaken in which 10 -15 year plans were made 




Figure 13 Microhydro System 
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2.8.3 Impact Of Project 
 
The project focused on the two main aspects of Chipendeke life, which are the domestic and 
social aspects. The clinic was the top priority, followed by the primary school, residential 
households and finally the businesses.  
 
Chipendeke Rural Health Centre 
Before the introduction of the microhydro power plant, the clinic used costly and dangerous 
forms of electricity such as lignified petroleum gas fridges to store medicines. During the 
night time, the clinic ran by candle light, which was dangerous, especially during the delivery 
of babies. Expectant mothers also had to receive assistance from older women within the 
community. With the implementation of the microhydro power plant, the clinic can now 
accommodate expectant mothers at all times of the day, due to lighting improvements, with 
the clinic capable of accommodating up to 10 mothers. The introduction of electricity has also 
provided efficient options for storage of medicine and medical equipment, allowing the clinic 
to meet 95% of its vaccination and immunisation targets, whereas before, they only reached 
50%. The clinic has also been able to install satellite television as well as phone charging 
facilities. The introduction of electricity has also allowed for the use of heating facilities for 
new born babies, avoiding the contraction of pneumonia or hypothermia.  
Figure 14 Chipendeke Clinic Sign 
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Chipendeke Primary School 
With the introduction of electricity, there have been major improvements at the school. 
Before electrification, the school was unable to use electrical equipment such as printers and 
computers, with students and teachers having to travel 65km to the nearest city of Mutare to 
do so. With the use of the microhydro scheme as a power source, a computer centre block was 
built by the German Embassy, which has improved the learning facilities. More teachers have 
also become attracted to the area, with an increase of staff retainment, with 16 qualified 
teachers currently at the school, whereas before there were only 9. There has also been an 
increase in enrolments, with 300 students in 2009 to 640 students in 2014. The school also 
caters to adults by running night classes and in 2015, 240 mature age students registered to sit 
for their Ordinary Level examinations.  
 
Business Centre 
At the local shops, fans were able to gather to watch the 2010 World Cup for the first time in 
their community. In addition to this, the electricity supply also allowed for the refrigeration of 
cold drinks as well as the opportunity to store and sell meat and fish. The number of shops in 
the area has also increased since the introduction of electricity, with longer opening hours 
now made possible.  
 
Residential Households 
After the paying of a connection fee, residential homes within a 1km radius of the substation 
were supplied with electricity. The system is capable of providing light for roughly 200 
homes but currently serves 53 households as not all residents have paid the connection fee. 
Heavy duty items such as irons and stoves are not allowed to be used on the network as they 
require large amounts of electricity that the microhydro scheme cannot support [48].  
  
 34 
2.8.4 Control Of The System 
 
There are two people in charge of operating the system. One person comes in the morning, 
and another is on standby in the evening for any faults or circuit tripping. There are 8 people 
that are trained in the basic operation of the microhydro power plant but for serious faults, 
ZESA needs to be called in. The system is checked periodically, as well as every 3 hours. 
Data is collected in a counter book, with the energy produced since 2010 recorded there.  
 
Excess Power Generation 
During a surplus of power generation, the excess energy is used to heat up water in ballistic 
tanks. This water is then used by community members for activities such as cooking and 
bathing. The water is automatically heated during times of excess power.  
 
Load Shedding 
This usually occurs a lot more between the months of July and November as this is the driest 
time of the year. Households and businesses are the first to be switched off, with priority 
being given to the clinic. When there is a very low amount of power generation, the whole 
system is shut down and there is no backup available. The system is then turned back on at 
night to provide lighting.  
 
2.8.5 Connection Fees And Tariffs 
 
Once the micro hydro scheme was operational, community members were required to pay a 
connection fee in order to receive the electricity. These fees are shown in Table 5 [49].  
Table 5 Chipendeke Hydro Scheme Connection Fee 
CATEGORY CONNECTION FEE 
Shareholders $US 30 
Other Residents $US 70 
Businesses $US 100 
School and Clinic Free 
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In order to ensure that there are funds to maintain the power plant, community members are 
required to pay tariffs as set out in Table 6 [49]. The school and clinic pay the lowest tariffs as 
these locations provide a service to the community. Businesses pay the highest tariffs as they 
are a form of income and this is also used to encourage business owners to use electricity 
more efficiently. 
Table 6 Chipendeke Hydro Scheme Tariffs 
CATEGORY TARIFF 
Domestic Household 16c/KWh 
Businesses 32c/KWh 
School and Clinic 10c/KWh 
Maintenance Levy for households, clinic 
and school 
$3/month 
Maintenance Levy for businesses $US 15 
Security guard allowance $US 20 
 
2.8.6 Issues And Future Upgrades 
 
The women in the community greatly appreciate the addition of lighting facilities but have 
also expressed a desire for more amount of power generation in order for them to use stoves 
to cook [48]. Currently they still rely on wood fuel for their cooking needs. Secondly, there is 
no back up system available during times of the year when water levels are low. The 
community also uses an outdated system of collecting energy related information, and will 
need new methods as during the lifespan of the project.  
 
The Secretary General for the Chipendeke Microhydropower scheme Noah Senga Senga 
believes that the time has come for the micro hydro plant to receive an upgrade. The area has 
seen an increase in inhabitants, therefore requiring more amounts of power to accommodate 
them [48]. There are plans to include a small cottage industry as well as carpentry, welding 
and peanut butter making machines within the community. The Chipendeke Committee wants 
to supply surrounding villages with electricity and are hoping to expand the system to 100 kW 
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by making use of other renewable sources such as solar and biogas. They also hope to sell 
excess electricity to ZESA in the future, as well as carry out training sessions on the benefits 
of electricity [45]. 
  
2.8.7 Solutions For Chipendeke 
 
Chipendeke is a growing community that has embraced the use of renewable energy. As the 
population grows and the electricity requirements increase, there will be a need for more 
generation capacity. The main issues identified for this system are: 
1. 6 kW generation deficit due to the El Nino drought 
2. The current system is not capable of addressing the cooking needs of the 
community. As a result of this, firewood is the main source of cooking energy 
which plays a part in deforestation as well as air pollution. 
3. There is load shedding during the months of July to November. These are the 
driest months of the year and there is currently no backup system for when the 
water levels are low. 
4. There are plans to include carpentry, welding and peanut butter making facilities at 
Chipendeke, which will require a greater amount of electricity than that which is 
currently being supplied by the microhydro scheme. 
 
This thesis will address these four issues, by undertaking a techno-economic feasibility study 
of a hybrid renewable energy microgrid. This will aid in meeting the future load demand of 
the community as well as determine the associated costs of implementing this system  
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CHAPTER 3: METHODOLOGY 
 
In order to determine the most suitable hybrid microgrid for Chipendeke, various steps were 
taken in order to obtain the necessary information. These steps are summarised in the flow 
chart below, with further explanation for each step provided in sections 3.1 to 3.5 
  
Model Validity
• A model is a representation of a real life object or phenomena within a 
simulation [50]
• The software HOMER (Hybrid Optimization of Multiple Electric 
Renewables) was used for this study
• This software is capable of evaluating designs of both grid-connected and 
islanded power systems
Data Collection
• The HOMER software requires inputs such as community load and climate 
data to develop a suitable system
• This data was collected by word of mouth, as well as from NASA
Performance 
Metrics
• These are the variables that are used to evaluate and compare different hybrid 
systems simulated by HOMER
• For this study, total Net Present Cost (NPC) and Renewable Fraction (RF) are 
the performance metrics used
Optimization
• The best system for Chipendeke will be determined by HOMER using the 
optimization analysis function
• HOMER searches for the lowest NPC and uses this as its optimal solution
Sensitivity 
Analysis
• A sensitivity analysis considers variables that are out of one's control
• Multiple values for specific input variables that play a key role in the 
simulation process are analysed to determine their impact on the simulation 
results. 
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3.1 MODEL VALIDITY USING HOMER 
 
 
The model chosen was based on the current microhydro scheme already at Chipendeke, and 
included addition components based on the renewable energy sources available in the area as 
shown in section 3.6.  HOMER was chosen as the software for this study. The task of 
designing both islanded and grid connected distributed generation systems is simplified using 
this software. The optimization and sensitivity analysis algorithms make it easier to evaluate 
the technical and economic feasibility of various technology options, as well as to consider 
the energy resources that are available and the costs of technology. The three core capabilities 
of HOMER are its simulation, optimization and sensitivity analysis capabilities [50].  
 
Simulation 
This is the main core use of HOMER. The software attempts to simulate viable systems, for 
all the possible combinations of equipment that the user wishes to include in the system.  
 
Optimization 
This is the step that comes after the simulations. The systems that are simulated are filtered 
and organized according various selection set by the user. HOMER by default uses the NPC 
as the main selection criteria, however other variables such as the minimum amount of 
renewable energy penetration can be specified.  
 
Sensitivity Analysis 
This option allows the user to model the system based on the impact of variables that are 
beyond one’s control. Such variables include fuel costs, solar radiation and wind speed. A 
sensitivity analysis allows the user to see how variations in these values affect the optimal 




3.2 DATA COLLECTION 
 
Load Profile  
In collaboration with Hivos Project Manager, Reginald Mapfumo, a load profile of the 
community was determined. Various assumptions were made for the community and hours of 
working of appliances. For the 200 households at Chipendeke, it is assumed that each home 
has 4 rooms, with one light in each room.  
 
Current Load Profile 
Chipendeke currently has a peak demand of approximately 15 kW. This does not include the 
use of stoves, as this is an appliance that the current micro hydro scheme is not capable of 
supplying. The peak demand of 15 kW occurs at 8 am, with higher levels of electricity 
demand during the morning and evening periods. In order to determine a suitable hybrid 
system for Chipendeke, a number of estimations were made based on information provided by 
Mr Mapfumo, Sustain Zimbabwe, as well as knowledge about the facilities located in the 
community. Table 7 shows the 4 locations that require power to be supplied from the hybrid 
system and details the appliances that have been considered. The maximum quantity of these 
appliances is also noted, along with their respective power consumption. Assumptions that 
were made regarding the operational hours of various appliances can be found in Table 8.  
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Table 7 Chipendeke Load Requirements 
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Table 8 Chipendeke Assumptions 
LOCATION WEEKDAY ASSUMPTIONS WEEKEND ASSUMPTIONS 
Health Centre 
• 2 fluorescent lights are on at any given moment 
• 11 fluorescent lights are on from 7am – 9am, and 7pm – 10pm 
• 6 fluorescent lights on from 6pm – 7pm 
• All heating facilities are used from 12am – 5am 
• 4 heating facilities are used from 6am – 8am and 11pm – 
12am 
Primary School 
• From 7pm – 10pm, two 
classrooms are used for 
night classes. Each 
classroom has 2 filament 
lights 
• Only the refrigerator is in 
operation 
Business Centre 
• 4 fluorescent lights are on from 6pm – 8pm 
• 2 fluorescent lights on from 8pm – 11pm 
• 3 filament lights on from 6pm to 8pm 
• 1 filament light on from 8pm – 11pm 
Households 
• 200 filament lights on 
from 5am – 6am, 7am – 
8am, 6pm – 7pm, 10pm 
– 11pm 
• 400 filament lights on 
from 6am – 7am, 7pm – 
9pm 
• 80 filament lights on 
from 8am – 9am 
• 5 TVs on from 1pm – 
2pm 
• 7 TVs on 5pm – 7pm 
• 10 TVs on 8pm – 10pm 
• 3 stoves on between 6am 
– 7am, 5pm – 7pm 
• 4 stoves on at a time 
between 12pm-1pm 
• 200 filament lights on 
from 7am – 8am, 6pm – 
7pm, 10pm – 11pm 
• 400 filament lights on 
from 6am – 7am, 7pm – 
9pm 
• 80 filament lights on from 
8am – 9am 
• 5 TVs on from 12pm – 
2pm 
• 10 TVs on 5pm – 10pm 






In order to develop a load profile, the operating hours of each of these appliances is required. 
Table 9 and 10 use an analysis model developed by Pederzini [51] to show a minimum 
approximation of the power consumption of each appliance and its time of operation for an 
average weekday and weekend. The various assumptions made in Table 8 have been included 
in Tables 9 and 10, as well as the use of stoves.  
Table 10 Weekday Load Requirements 
Table 9 Weekend Load Requirements 
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Predicted Load Profile 
According to Mr Mapfumo, the community of Chipendeke has grown by 7% within the last 8 
years. There is currently no published statistical information about the population of 
Chipendeke and this information has been obtained as an approximation by word of mouth 
from the community members. In order to cater for the future load growth of the community, 
it is assumed that within the 25 year lifespan of the project, the community will grow by 15%, 
therefore a 15% load increase for Tables 9 and 10 was made. This is the load profile that was 
used to determine the hybrid system of the community. Figure 15 is a representation of the 
estimated daily load profile of Chipendeke, considering variations between the weekday and 
the weekend. The main difference between the weekend and weekday is the lower electricity 
demand from the primary school during the weekend as classes are not held during this time. 
The peak demand for both the weekday and weekend is 32 kW which occurs at 6am, with a 

























Chipendeke 15% Increase Load Profile 
Weekday
Weekend
Figure 15 Predicted Load Profile 
 44 
3.3 CLIMATE DATA 
 
Meteorological data was used to for this research as it is required by the HOMER software in 
order to analyse various systems and carry out the simulation process.  
 
Rainfall 
The Chitoro River that supplies the water resource for the micro hydro scheme at Chipendeke 
has a minimum speed of 25l/s [53]. Literature has specified this amount, however for 
simulation purposes, a river speed of 75l/s has been used. As information regarding the 
seasonal changes for this river was not available, monthly precipitation values for the 
surrounding areas of Rusape [54], Wedza [55], and Old Mutare [56]  which are the areas 
closest to Chipendeke for which rainfall data was obtainable, were used to determine the 
average monthly rainfall for the area. 
 
Table 11 Average Rainfall for Chipendeke 













177 141 90 25 12 9 6 7 10 34 98 163 
AVERAGE 166.7 147.3 82.7 37.7 12.7 8.0 4.3 5.7 9.7 39.3 100.3 169.7 
 
This rainfall data was then compared to NASA data in Appendix 1. However, for the NASA 
data, Old Mutare was the only town closest to Chipendeke for which precipitation information 
could be obtained. Therefore, Table 11 was used to determine the average rainfall for 
Chipendeke as it considers the three closest areas to it.   
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79.6 78.2 75.6 75.1 75.0 75.0 75.0 75.0 75.0 75.1 76.0 79.9 
 
It is assumed that the speed of the river will have monthly variations that are in proportion to 
the amount of precipitation that occurs, as detailed in the table above. As can be seen in the 
table above, the speed of the river remains at 75 L/s from May to September, with higher 




HOMER imported hourly radiation measurements for a period of one year for the location 
site. These values were then used to calculate the daily radiation as well as the clearness index 


















































Figure 16 Global Horizontal Radiation and Clearness Index 
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radiation, with an average daily radiation of 5.4 kWh/m2/day, with the lowest amount of 




The wind resource at Chipendeke was also determined using the HOMER software, with 
HOMER importing hourly wind speeds for the period of one year. This was then compared to 
Data from Nasa as shown in Appendix 1. As can be seen in Figure 17 the wind speed ranges 
from 3.9m/s to 5.8 m/s.  
 
 
Renewable Resource Selection 
 
Chipendeke has a high average solar radiation of 5.65 kWh/m2/day which makes it a good 
candidate for the use of solar PV. However, the average wind speed of the area is 4.65 m/s. 
The minimum speed at which a wind turbine begins to produce power, referred to as the cut in 
speed, is approximately 4 m/s [57], and with the Chipendeke average wind speed very close to 





















Figure 17 Chipendeke Wind Speed 
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3.4 PERFORMANCE METRICS 
 
For this study, the two main performance metrics that have been taken in to consideration are 
the Total Net Present Cost (NPC), as well as the Renewable Fraction (RF). The various hybrid 
power systems are compared and evaluated based on these metrics.  
 
Total Net Present Cost (NPC) 
The costs that the entire system incurs over the course of the project lifetime, calculated at the 
present value, is what is reffered to as the Net Present Cost (NPC). Operation and 
maintenance costs, replacement costs, fuel costs, as well capital costs over the entire project 
are what make up the NPC. This is the main economic output of the HOMER software, and 
this value is used to rank system configuration in the optimization results [50]. The NPC of a 





where TAC stands for Total Annualised cost and CRF is the Capital Recovery Factor. The 
equation for the CRF is  
CRF($) =  
𝑖(1 + 𝑖)N
(1 + 𝑖)N − 1
 
where i stands for the annual interest rate and N is the number of years.  
Renewable Fraction (RF) 
The portion of energy that is from a renewable power source that is delivered to the load is 
reffered to as the Renewable Fraction (RF). A high RF value means that the system is making 
use of a high amount of renewable energy [50]. RF is calculated using the equation 




with Enonren being the total non- renewable energy production and Eserved being the total 
electrical load served.  
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3.5 SENSITIVITY ANALYSIS 
 
A sensitivity analysis considers how changes in variables that are out of one’s control affect 
the system simulation results. The simulation of the hybrid system is performed using a diesel 
price of $1.8/L, solar radiation of 5.4 kWh/m2/day, and load profile of 396.2 kWh/day. In 
order to consider the variations in these variables, multiple values for each specific input 
variable are added to HOMER, and this is called a Sensitivity Analysis. The optimization 
process is repeated for each value of that variable in order for the user to see how the 
simulation results are affected. An input variable that has multiple values is referred to as a 
Sensitivity Variable [50]. For this study, the sensitivity variables that have been considered 







Figure 18 Sensitivity Analysis Variables 
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3.6 HYBRID SYSTEM COMPONENTS 
 
The main components of the islanded hybrid system are shown in Figure 19. These 
components include a diesel generator, the micro hydro scheme, solar PV, battery storage, as 
well as a bi-directional power converter. The purpose of the diesel generator is to provide 
backup during times of unexpected load increase as well as during times when there is not 
enough power being produced from either the solar PV or the hydro system. The battery acts 
as a storage system for surplus energy, discharging during times when this energy would then 
be required. The system converter transforms DC to AC power and vice versa, depending on 
whether power needs to be delivered to the loads at the AC bus, or stored in the battery at the 




In order to carry out the economic analysis of the system, a number of variables were defined 
in HOMER. These variables include the capital costs, operation, maintenance and 
replacement costs, as well as the projected lifetime. This technical information can be found 
in Table 13. It is important to note that for this system, the lifetime of the hydro scheme has 
been set to 12 years. This is because the average lifetime for this hydro system is 20 years, 
however the micro hydro scheme at Chipendeke has already been in operation for 8 years.  
Figure 19 Chipendeke Microgrid Components 
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Table 13 HOMER System Input Variables 
 
  DESCRIPTION INFORMATION 
Hydro    
Initial Capital Cost $0 
Replacement $5000 
O&M $10/year 
Lifetime 12 years 
Efficiency 75% 
Pipe Head Loss 15% 
PV   
Initial Capital Cost $1340/kW 
Replacement Cost $1000/kW 
Operation and Maintenance $10/kW/year 
Lifetime 25 years 
Diesel Generator   
Minimum Load Ratio 25% 
Initial Capital Cost $900/kW 
Replacement Cost $700/kW 
Operation and Maintenance $0.025/hour 
Lifetime 15000 hours 
Diesel Price $1.80/L 
Battery   
Name Surrette 4 KS 25P 
Nominal Voltage 4V 
Nominal Capacity 7.55 kWh 
Initial Capital Cost $1682 
Replacement $1300 
Operation and Maintenance 0 
Lifetime 20 years 
Inverter  
Initial Capital Cost $265/kW 
Replacement Cost $265/kW 
Operation and Maintenance 0 
Lifetime 20 years 
Constraints   
Maximum Annual Capacity Shortage 0% 
Operating Reserve   
As Percent Of Hourly Load 10% 
As Percent Of Solar Power Output 10% 
Minimum Renewable Fraction (%) 10% 
Economics   
Nominal Discount Rate 6% 
Expected Inflation Rate 2.16% 
Project Lifetime 25 years 
System Fixed O&M Cost $100/year 
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CHAPTER 4: RESULTS AND ANALYSIS 
 




Figure 20 shows the top two optimization results for the system using the inputs from the 
technical data table. The lowest NPC for this system would be one that does not include a 
diesel generator. However, in order to cater for variations in solar, sudden load demand as 
well as possible reduced hydro output due to less rainfall, the second lowest NPC system that 




Figure 20 Optimization Results 
Figure 21 Chipendeke Microgrid Electrical Summary 
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Figure 21 is the electrical summary of the system that is produced by HOMER. A total of 144 
614 kWh/year is produced and this ensures that the Chipendeke load demand is met. This 
system receives the majority of its power from the hydro micro scheme, followed by the PV 
and diesel sources. There is an excess electricity generation of 8.80 %, however as 
Chipendeke has ballistic tanks that were previously used in times of excess electricity 
production, these tanks will act as a dump load, heating water that can be used for daily 
activities such as cooking and bathing.  
4.2 GENERATION SOURCE ANALYSIS 
 
 
Figure 22 describes the PV power output of the system throughout the year. The middle of the 
year is when there is the lowest amount of rainfall and clear skies, allowing the PV system to 
deliver its peak output. The rainy season occurs at the end and beginning of the year, between 
day 300 and day 40, and this is when the PV has its lowest output. During this time, the area 
is cloudy and has a low clearness index as shown in Figure 16.   
 
Figure 22 Photovoltaic Power Output 
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The hydro scheme power output is shown in Figure 23 and it can be seen that the lowest 
output power occurs during the middle of the year when there is a low amount of rainfall. The 
end and the beginning of the year are when the hydro system produces its peak power, due to 
the increased amount of water in the river as described in Table 12. 
 
As can be seen from the annual diesel generator power output graph in Figure 24, the main 
use of the generator occurs during the months of October to January. The rainy season occurs 
during these months and therefore there will be lower amounts of solar radiation available due 
to cloud coverage, reducing the output of the PV system. This is reiterated in Figure 16 which 
describes the clearness index of the area, and it can be seen that during the months when the 
generator is in use, the clearness index of Chipendeke is at its lowest.  
  
Figure 23 Hydro Scheme Power Output 
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Figure 24 Diesel Generator Power Output 
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Figure 25 Winter Electricity Consumption 
Figure 26 Summer Electricity Consumption 
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Table 14 Chipendeke Time Series Analysis 
POWER SOURCE WINTER (JUNE 11) SUMMER (JAN 5) 
 1pm 8pm 1pm 8pm 
     
AC Load (kW) 20.05 19.53 19.94 19.42 
Hydro Output (kW) 13.82 13.82 14.81 14.81 
Solar Output (kW) 25.22 0 1.05 0 
Battery Input (kW) 4.44 -6.01 -4.35 4.17 
Inverter Output (kW) 6.23 5.71 5.14 0 
Diesel Generator (kW) 0 0 0 9.25 
 
The times series analysis takes a closer look at the generation sources at certain periods 
throughout the year. Two time series have been analysed, Figure 25 which occurs during the 
winter period of the year and there is no diesel usage, as well as Figure 26 which occurs 
during the summer period, with the use of the generator. Specific times have been looked at 
for this series as detailed in Table 14.  
Winter  
During the winter period, the load is mainly supplied by the hydro system, complemented by 
the use of the solar PV. There is a high solar output during this time of the year, with a solar 
output of 25.22 kW being obtained at 1pm. The inverter output supplies power to the 20.05 
kW load, with excess being stored in the battery. During the night time, power from the stored 
batteries is supplied to the load via the inverter, as well as from the hydro scheme.  
Summer 
During the summer period, there is a slightly higher amount of output power from the hydro 
system due to increased rainfall. The solar output is very low during this time compared to the 
summer due to the low clearness index. The generator is in operation during the night time 
and delivers slightly more electricity than required. This is because it has been simulated to 
operate at a minimum of 25% of its rated capacity, to avoid it at running too low a load.    
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4.4 COST ANALYSIS 
 
 
Figure 27 describes the Net Present Costs of the proposed system. The majority of the costs 
are from the capital costs of the battery storage, diesel generator, PV panels as well as the 
system converter. The hydro scheme has not been included in the capital costs as it is a 
system that is already in place. The battery storage and the converter have a maximum 
lifespan of 20 years as detailed in Table 13 and therefore will be replaced during the 25 year 
life span of the stand-alone system. The hydro scheme has been in operation for 8 years, and 
with a life span of 20 years as well, it will need to be replaced 12 years in to the operation of 
the microgrid. The diesel required for the operation of the diesel generator is the only resource 
that will need to be purchased in order for the operation of the generation source.   
 
Table 15 Chipendeke Microgrid Cost Summary 
NAME CAPITAL OPERATING REPLACEMENT SALVAGE RESOURCE TOTAL 
Battery 
Storage  
$53 824 $0.00 $43 849 -$15 194 $0.00 $82 479 
Diesel 
Generator 
$33 300 $504.08 $0.00 -$9 713 $3 717 $27 808 
Hydro $0.00 $160.28 $5 274 -$1 822 $0.00 $3 612 
Other $0.00 $1 603 $0.00 $0.00 $0.00 $1 603 
PV $47 707 $5 706 $0.00 $0.00 $0.00 $53 413 
System 
Converter 
$5 872 $0.00 $3 376 -$778.16 $0.00 $8 470 
System $140 703 $7 974 $52 499 -$27 507 $3 717 $177 386 
 
Figure 27 Chipendeke Microgrid Cost Summary 
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Table 15 presents the Net Present Costs of the individual components of the system, with 
these prices representing the costs over a 25-year lifespan. For the purpose of this study, the 
prices are represented in Australian Dollars. The Total Net Present Cost of the entire system 
was found to be $177 386, with the capital and replacement costs being the main contributors 
towards the NPC with $140 703 and $52 499 respectively. Various operating costs for the 
components have also been considered, with the system converter and battery being the only 




4.5 SENSITIVITY ANALYSIS 
 
 A sensitivity analysis considers variables that are out of one’s control and occur naturally. 
For this study, the total net present cost of the system is considered as the load profile varies. 
The costs are analysed for two different solar radiation values, at 5 kWh/m2/day and 6 
kWh/m2/day, which are below and above the current average value of 5.4 kWh/m2/day.  
 
At 5 kWh/m2/day, the costs of the system rise steadily as the load increases. The lowest load 
of 390 kWh/day costs approximately $154 000 and the highest load costs approximately $182 
000. 
  
Figure 28 Sensitivity Analysis at Solar Radiation of 5 kWh/m2/day 
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At 6 kWh/m2/day, the costs of the system also rise steadily as the load increases. In this case, 
the lowest load of 390 kWh/day costs approximately $148 000 and the highest load costs 
approximately $170 000. 
 
For both cases, it is found that as the load increases, the costs increase. This is due to more 
generation capacity that is required to ensure that the load demand is met. However, the costs 
of the system decrease as the solar radiation increases. Higher levels of solar radiation result 
in an increase in PV generation, resulting in the needed for little to no backup in the form of a 
diesel generator. A bigger battery storage system would be needed for times of higher solar 
radiation in order to store the surplus power for later use.  
  
Figure 29 Sensitivity Analysis at Solar Radiation of 6 kWh/m2/day 
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CHAPTER 5: DISCUSSION 
 
5.1 SYSTEM COSTS 
 
As discussed in Chapter 2.4, the Zimbabwean government will introduce mechanisms for 
funding renewable energy systems as well as implement a renewable energy technologies 
program that encourages Independent Power Producers to invest in renewable energy in 
Zimbabwe. There will also be a fund established by the Ministry of Energy that will promote 
solar energy in order to address the electricity crisis.  As the Chipendeke hydro scheme was 
originally funded by the European Union and as one of the pioneering micro hydro schemes, 
the improvements that the community has made since its inception prove that it is a 
community that thrives when it has the resources and would be a prime candidate for 
government funding as part of the country’s rural electrification scheme. Regarding 
operational costs the community of Chipendeke currently has tariffs in place as shown in 
Table 6. However, as the operational costs will amount to $7 974 over the lifespan of the 
project, these tariffs will have to increase. Chipendeke has proven that it thrives with the use 
of electricity, with improvements at the health centre, school as well as the businesses as 
discussed in Chapter 2.8.3. The implementation of this hybrid system could provide 
expansion opportunities for the health centre, allowing them to provide medical assistance to 
other villages. There could also be expansion in the educational sector, with the addition of a 
possible high school. As the community also has plans to include welding and peanut butter 
making facilities, this could provide services and products to not just the community but to 
the surrounding cities and areas. In addition to this, the use of local artisans for the assembly, 
installation and maintenance of the system would result in job opportunities. All of these 
opportunities would increase cash flow in to the community which could contribute to in 




5.2 ENVIRONMENTAL IMPACT 
 
As the community of Chipendeke currently relies on firewood as a cooking energy source, the 
implementation of this hybrid system would result in lower levels of deforestation with the 
use of stoves. In addition to this, there would be health benefits as the amount of smoke 
inhalation would be significantly reduced. With a renewable energy fraction of 99.5%, this 
system will be in line with the Zimbabwean governments goal to reduce carbon emissions by 
33% by the year 2030 as well as meeting one of its renewable energy policy objectives of 
ensuring that rural areas have increased access to modern energy.  
 
5.3 ELECTRICITY GENERATION  
 
For this system, the main source of electricity will come from the hydro system, followed by 
the PV, and then the diesel generator. The diesel generation will provide slightly more 
generation capacity than required because its minimum load ratio is 25%, to avoid it operating 
at too low a load. It will also cater to unexpected load demand, or be used during times of low 
PV output, periods of system maintenance or during faults. It will also complement the use of 
the hydro system during the rainy season as there will be a low clearness index from cloud 
cover, resulting in little power produced from the PV.  
 
5.4 EXCESS ELECTRICITY PRODUCTION 
 
When the hydro scheme was first implemented, water storage tanks were added to the system 
in order to heat water during times of excess electricity. As there is currently a generation 
deficit at the hydro system, these tanks are barely in use and as the hybrid system will produce 
16372 kWh/year of excess electricity, mainly from the excess power from the diesel generator 
because of its minimum load ratio, it is suggested that the storage tanks will act as a dump 
load for this excess electricity. This water that is heated up is capable of being used for 
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cooking, bathing and other requirements by the Chipendeke community. This excess 
electricity can also supply power to the community as it expands.  
 
5.5 NEXT STEPS 
 
In order to further determine the feasibility of this study, more studies need to be undertaken. 
These include, the location of the site of a solar farm or whether rooftop solar would be more 
ideal. An analysis of the current transmission system needs to be done, as well as simulations 
on whether the current system will be capable of handling the new levels electricity 
production and transmission or if extra transmission lines will be required and also determine 
the protection systems that will be put in place. A microgrid control system will also need to 
be considered in order to ensure uninterrupted power supply, manage the storage of energy, 





CHAPTER 6: CONCLUSION 
 
This is the concluding chapter of this thesis. It has extracted the key results and findings 
achieved as per outlined in the objectives of this research study based on previous chapters. It 
was found that Zimbabwe is a country that currently operates below is installed electricity 
capacity, and as of 2016 was only producing 845 MW, against a national demand of 2200 
MW. The government has set in place policies to tackle this deficit as well as reduce the 
country’s carbon footprint with objectives such as increasing and diversifying the energy 
options in Zimbabwe. The government has also placed emphasis on increasing investment in 
islanded energy systems in rural areas. This report focused on an islanded power system that 
is already in operation in Zimbabwe, in order to show that such systems have a positive 
impact on the community. Improvements were then suggested for this system, based on the 
energy needs of the community.  
 
This thesis developed a hybrid stand-alone power system for the community of Chipendeke, a 
remote area located in Zimbabwe. Chipendeke has an average solar radiation of 5.4 
kWh/m2/day and an average wind speed of 4.65 m/s. Solar was chosen as the second source 
of renewable energy for the system, in addition to the microhydro scheme that is already in 
place, due to the high solar radiation levels. The wind resource was not included as it is too 
low to provide an efficient electricity output. The system consists of the hydro scheme that 
has been in operation for 8 years, photovoltaic panels, battery storage for times of excess 
power generation as well as a system converter to convert between AC and DC power. A 
diesel generator has also been included in the system to cater for renewable energy 
fluctuations as well as sudden increases in load demand. The simulation program HOMER 
was used to evaluate different designs for the stand alone microgrid, with the final design 
having the second lowest Net Present Cost of $177 386, with the majority of the costs coming 
from the capital and replacement costs. This system is to have a lifespan of 25 years and the 
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community will have 99.8% of its electricity demand supplied by renewable sources. In 
regards to the operational costs of the system, the current tariffs that are already in place at 
Chipendeke will have to increase, with future business expansion opportunities increasing the 
cash flow in the community, which would contribute in paying the operational costs.  
 
The community is one that has shown that it thrives when it has enough electricity generation 
capacity, having improved its health care, school and business facilities with the 
implementation of the hydro scheme. The addition of additional generation capacity will 
facilitate for the delivery of services to surrounding areas, and with plans to introduce more 
business initiatives such as welding and peanut butter making facilities, employment 
opportunities in the area will increase, which would assist in covering the operational cost. 
More generation capacity would allow the community to reduce its reliance on firewood for 
cooking facilities and begin the use of electrified stoves therefore reducing deforestation as 
well as smoke inhalation. The implementation of this system would be in line with the 
Zimbabwean governments objectives to ensure that rural areas have increased access to 
modern energy and are able to increase and diversify their energy options. Not only would it 
play a part in reaching the government’s target of reducing carbon emissions by 33% by 2030, 
but would also be contributing to the global initiative to reduce the amounts of greenhouse 
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